Osteogenesis imperfecta (OI) is a heritable disorder of connective tissue characterized by bone fragility and low bone mass. Recently, our group and others reported that WNT1 recessive mutations cause OI, whereas WNT1 heterozygous mutations cause early onset osteoporosis. These findings support the hypothesis that WNT1 is an important WNT ligand regulating bone formation and bone homeostasis. While these studies provided strong human genetic and in vitro functional data, an in vivo animal model to study the mechanism of WNT1 function in bone is lacking. Here, we show that Swaying (Wnt1 sw/sw ) mice previously reported to carry a spontaneous mutation in Wnt1 share major features of OI including propensity to fractures and severe osteopenia. In addition, biomechanical and biochemical analyses showed that Wnt1 sw/sw mice exhibit reduced bone strength with altered levels of mineral and collagen in the bone matrix that is also distinct from the type I collagen-related form of OI. Further histomorphometric analyses and gene expression studies demonstrate that the bone phenotype is associated with defects in osteoblast activity and function. Our study thus provides in vivo evidence that WNT1 mutations contribute to bone fragility in OI patients and demonstrates that the Wnt1 sw/sw mouse is a murine model of OI caused by WNT1 mutations.
INTRODUCTION
Osteogenesis imperfecta (OI; MIM #166200, #166210, #259420, #166220, #610967, #610968, #610682, #610915) is a genetic disorder characterized by bone fragility coupled with low bone mass (1, 2) . The majority of OI cases are dominantly inherited and caused by mutations in type I collagen encoded by COL1A1 and COL1A2 (3 -6) . These mutations result in either qualitative or quantitative defects of type I procollagen. In addition to the dominant forms of OI, recessively inherited OI has been reported to be caused by mutations in several genes, such as CRTAP, P3H1, CYPB, FKBP10 and HSP47, which are involved in collagen processing (7 -13) . Although the majority of OI genes are related to type I collagen, recent studies have identified a new set of OI genes which are not directly involved in collagen synthesis or processing. For example, mutations in Serpin Peptidase Inhibitor Clade F (SERPINF1), which encodes pigment epithelium-derived factor, cause OI type VI characterized primarily by an osteomalacia phenotype, and mutations in WNT1 cause recessively inherited OI with mild-to-severe phenotypes (14) (15) (16) (17) (18) (19) (20) . These findings suggest that there is a broad spectrum of pathogenic mechanisms of OI. Therefore, it will be necessary to develop additional genetic tools to gain a mechanistic understanding of OI and to test genotype-specific treatment.
Wnt signaling is a well-known major regulator of bone homeostasis (21) . Both human and mouse genetic studies of LRP5/6 co-receptors and b-catenin have provided evidence that canonical Wnt/b-catenin signaling is essential for skeletal development and postnatal bone formation (22 -33) . However, the identity of the key WNT ligands that regulate human bone homeostasis has remained unknown until now. Recently of early-onset osteoporosis in humans (17) (18) (19) (20) . These surprising findings raised the possibility that WNT1 is one of the major WNT ligands regulating bone homeostasis. Despite the human genetic evidence and in vitro functional studies, there are no in vivo animal model data supporting that WNT1 mutations cause bone fragility.
The Swaying mouse (Wnt1 sw/sw ) was first described in 1967 and carries a mutant allele of Wnt1 (34, 35) . The mutation is a single nucleotide deletion (G 565 ) in the third exon of Wnt1. The deletion causes a frame shift and results in a premature termination 30 bp downstream from the point mutation. Although homozygous Wnt1 null mice are embryonic lethal, the Wnt1 sw/sw mice can survive postnatally thereby offering an opportunity to study the postnatal skeletal phenotype (35) (36) (37) . The Wnt1 sw/sw mice show a severe cerebellar defect that is also observed in some OI patients with the WNT1 mutation (19, 35) . The genetic and phenotypic evidence strongly suggest that the Wnt1 sw/sw mice could constitute a murine model of OI. However, the skeletal phenotype of the Wnt1 sw/sw mice had not been characterized.
In this study, we show that the Wnt1 sw/sw mice have spontaneous fractures and severe osteopenia, which are hallmarks of OI. Our histomorphometric analysis revealed that the bone phenotype is caused by a decrease in osteoblast activity. Further biomechanical analysis showed that Wnt1 sw/sw mouse bones exhibited reduced bone strength in comparison with wild-type mice. Finally, Raman spectroscopic data suggest that swaying mice showed altered mineral and collagen properties in the bone matrix. Our studies provide strong in vivo evidence that WNT1 mutations can cause bone fragility and the swaying mouse (Wnt1 sw/sw ) is an appropriate mouse model for OI caused by WNT1 mutations in humans. Moreover, the material properties of WNT1 mutant bone are distinct from collagenrelated OI bone. and wild-type mice were used for phenotypic analysis at 6 weeks of age. The Wnt1 sw/sw mice showed growth retardation throughout postnatal development resulting in a reduction in body weight (Fig. 1A) . Consistent with growth retardation, whole body radiography showed that the overall skeleton of the Wnt1 sw/sw mice was slightly smaller than that of their wild-type controls (Fig. 1B) . Besides growth retardation, spontaneous tibial fractures were observed in the whole body X-rays of the Wnt1 sw/sw mice (Fig. 1B, white arrow) . The area of fracture was easily detected by callus formation during dissection of the Wnt1 sw/sw mice. The callus was subsequently confirmed by radiography of tibia and H&E stained sections (Fig. 1C-E) . All fractures were located in tibia, and the frequency of fracture was 65% (Table 1) . Thirty-six percent of fractures were unilateral and 64% were bilateral. Overall, the Wnt1 sw/sw mice showed growth retardation and spontaneous fractures, which are major characteristics of OI.
RESULTS

The
In addition to tibial fractures, severe osteopenia was observed by radiographic analysis in the Wnt1 sw/sw mice, as indicated by increased lucency of the trabecular and cortical bones ( Fig. 1B  and D ). Histological analysis of long bones confirmed a dramatic decrease of trabecular bone and demonstrated thinner cortical bone in the Wnt1 sw/sw mice ( Fig. 2A) . However, the growth plate of the Wnt1 sw/sw mice was normal. To quantify the low bone mass phenotype, we analyzed long bones using a microcomputed tomography (mCT) system ( Fig. 2B -D) . 3D reconstruction images generated from mCT verified the decreased trabecular bone and thinner cortical bone in the Wnt1 sw/sw mice ( Fig. 2B-C) . Quantification of femurs revealed a 12-fold decrease in trabecular bone volume (BV/TV) compared with wildtype controls (Fig. 2D ). The lower bone mass was also associated with a decreased trabecular number (Tb.N) and thickness (Tb.Th) and increased trabecular separation (Tb.Sp). The thickness of cortical bone (Cort.Th) in the Wnt1 sw/sw mice was half that of the wild-type bones. Quantification of vertebrae also showed a low bone mass phenotype, but the phenotype was milder than that in the femur (Supplementary Material, Fig. S1 ). The BV/TV of vertebrae in the Wnt1 sw/sw mice was 3-fold less than that of wild-type mice. Both male and female Wnt1 sw/sw mice presented with the low bone mass phenotype ( Fig. 2 ; Supplementary Material, Fig. S1 ). In summary, the Wnt1 sw/sw mice exhibited severe osteopenia which is also characteristic of human OI patients.
The bones in the Wnt1
sw/sw mice exhibit reduced bone strength
The frequency of fractures prompted us to test the biomechanical properties of Wnt1 sw/sw bones. We performed three-point bending experiments using femurs of 6-week-old mice. Wnt1 sw/sw mice displayed a dramatic decrease in maximum load, stiffness and energy to failure, which indicate that the bones in the Wnt1 sw/sw mice are weaker and have decreased resistance to bending (Table 2) . However, these parameters do not account for geometric factors such as the length and diameter of bone. Because the Wnt1 sw/sw mice exhibited growth retardation, they have shorter and thinner bones when compared with wild type. Thus, it is possible that the changes in the geometric parameters were the major contributors to the overall weakness in the Wnt1 sw/sw mouse bone. To eliminate the effect of the geometric factors on bone strength, we determined the ultimate strength and elastic modulus. Consistent with other parameters, the ultimate strength and elastic modulus were significantly decreased in the Wnt1 sw/sw mouse bone ( Table 2 ), indicating that the bones in the Wnt1 sw/sw mice have substantially weaker intrinsic properties compared with those in wild-type mice.
OI caused by mutations in collagen and collagen processing genes is mainly characterized by brittle bones. To assess the brittleness of the Wnt1 sw/sw mice, we first measured postyield displacement, which does not account for geometric factors. Interestingly, the postyield displacement was significantly increased in the Wnt1 sw/sw mouse bone compared with wild-type mouse bone, which indicates that the Wnt1 sw/sw mice bones are in fact less brittle (Table 2) . To account for geometric factors, we calculated the postyield strain. Both the Wnt1 sw/sw and wild-type mouse bones showed similar levels of postyield strain (Table 2 ). These data indicate that geometric factors are more important than the basic material properties for determining brittleness in the Wnt1 sw/sw mice model. Overall, the bones in Wnt1 sw/sw mice are weak, but not brittle, in contrast to the material properties of classical collagen-related forms of OI.
Wnt1 sw/sw bones have less collagen and mineral
Following biomechanical testing, we evaluated the bone mineral and matrix composition of the Wnt1 sw/sw mice by Raman spectroscopy. Bones in Wnt1 sw/sw mice showed a decreased ratio of proline to amide I (Fig. 3A) , which indicates a lower quantity of collagen in the bone matrix of Wnt1 sw/sw mice. Relative mineral content was calculated by the ratio of phosphate to amide I is also reduced in the Wnt1 sw/sw mice (Fig. 3B) . Finally, the Wnt1 sw/sw mice exhibited a reduction in collagen mineralization, which was evident from the decreased ratio of phosphate to proline (Fig. 3C) . Overall, Raman spectroscopy analysis demonstrated that Wnt1 sw/sw mouse bones have decreased mineral and collagen composition in their bone matrix.
Osteoblast activity is decreased in the Wnt1 sw/sw mice
To understand the cellular mechanism leading to the fractures and osteopenic phenotypes in the Wnt1 sw/sw mice, we performed bone histomorphometric analysis of vertebral sections. In this analysis, osteoclast number (N.Oc/BS) and surfaces (Oc.S/BS) were not significantly changed in the Wnt1 sw/sw mice when compared with wild-type littermate controls (Fig. 4A) . Additionally, osteoblast numbers (N.Ob/BS) were also not changed in the Wnt1 sw/sw mice (Fig. 4B) . These data prompted us to perform dynamic histomorphometric analysis using calcein and alizarin red double labeling. Interestingly, the bone formation rate and mineral apposition rate were decreased in the Wnt1 sw/sw mice (Fig. 4B) . These data strongly suggest that the fractures and osteopenia phenotype in the Wnt1 sw/sw mice are caused by decreased osteoblast activity and function.
To confirm the defects in osteoblast activity in the Wnt1 sw/sw mice, we examined osteoblast differentiation in vivo (Fig. 4C) . We isolated RNA directly from the long bones and assessed osteoblast differentiation markers by real-time PCR. Despite no difference in the Runx2 expression levels as one marker of differentiation, the levels of other osteoblast markers such as Col1a1, Alkaline phosphatase (Alp) and Osteocalcin (Ocal) were significantly reduced in the Wnt1 sw/sw mouse bone. As expected, the osteoclast markers, such as Ctsk and TRAP, were Figure 3 . Wnt1 sw/sw mice have altered biochemical properties in the bone matrix. Biochemical properties of cortical bone as measured by Raman spectroscopy in wild-type (+/+) and Wnt1 sw/sw (sw/sw) mice. The relative quantity of collagen to matrix was measured by the ratio of proline to amide 1 (A). The relative amount of mineral to matrix was measured by the ratio of phosphate to amide (B). The relative amount of mineral to collagen was measured by the ratio of phosphate to proline (C). n ¼ 5 each group, and * P , 0.05; * * * P , 0.001.
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unchanged. Consistent with the bone histomorphometric data, the gene expression study supports that osteoblast function was decreased in the Wnt1 sw/sw mice.
DISCUSSION
In the current study, we characterized Wnt1 sw/sw mice in order to understand the pathogenic mechanism of OI caused by WNT1 mutations. Wnt1 sw/sw mice exhibited spontaneous fractures and severe osteopenia, which are major features of OI. Subsequent biomechanical and biochemical analysis revealed that Wnt1 sw/sw mice have weaker bone properties with less collagen and mineral in the bone matrix. Finally, histomorphometric analyses and gene expression studies provided evidence that the bone phenotype could be caused by defects in osteoblast activity and function, which could be one of the possible pathogenic mechanisms of OI caused by WNT1 mutations. This study also supports that the Wnt1 sw/sw mice could be used as a murine model of OI caused by WNT1 mutations.
Previous human genetic and in vitro functional studies showed that mutations in WNT1 cause OI characterized by increased bone fragility. The current work characterizes the first in vivo mouse model for this type of OI. Homozygous Wnt1 sw/sw mice share the major features of OI including propensity for spontaneous fractures and severe osteopenia. Interestingly, the genomic location of the Swaying mutation is exactly the same as the previously reported human WNT1 mutation. The reported human mutation is a single nucleotide substitution resulting in a nonsense mutation (c.565G.T, p.Glu189 * ), and the mouse swaying mutation is a single nucleotide deletion that results in a stop codon 30 bp downstream of the mutation site (c.565delG, p.Glu189Argfs * 10) (18, 35) . Therefore, our study provides a strong in vivo model of a reported human mutation causing OI.
Because the Wnt1 sw/sw mice carry the spontaneous mutation throughout their entire body, we could not determine any tissue or cell-type-specific function of Wnt1. The Wnt1 sw/sw mice show cerebellar defects resulting in abnormal behavioral phenotypes. The neuronal or behavior phenotype could also contribute to the bone fragility phenotype given data supporting central control of bone formation (38) . Bone is also a multicellular organ including osteoblasts, osteoclasts, chondrocytes and bone marrow cells. We still do not know which cell type is the major source of Wnt1 in bone, although our previous lineage tracing studies suggested that osteoblasts, osteocytes and B cells would be good candidates (19) . Tissue-specific Wnt1 loss-and gain-of-function mouse models will be useful in addressing the question about the tissue and cell specificity of Wnt1 function.
Tibial fractures are an interesting phenotype of Wnt1 sw/sw mice. There are several mouse models of OI, and only some exhibit multiple bone fractures (39) . Interestingly, the Wnt1 sw/sw Human
mice presented with fractures in the tibia. We found the severe osteopenia phenotype in both the forelimbs and hindlimbs, but we never observed any callus formation or fractures in the forelimbs. One possible explanation is that these fractures are caused by the combination of both bone and behavior phenotypes. In our biomechanical study, the Wnt1 sw/sw mice exhibited very weak bone properties. Wnt1 sw/sw mice always walk by swaying and often pivot on one side of the hindlimb. This aberrant movement could afford greater mechanical loading on the weakened tibia, which would result in fractures.
Because of their antiresorptive function, bisphosphonates (BP) are widely used to treat OI patients. Several studies have shown that BP treatment increases bone mineral density (BMD) in OI patients (40) (41) (42) . Despite increased BMD, BP treatment has variable effects on fracture frequency. Recent studies have also shown that long-term treatment with BP may have adverse effects by impairing bone modeling (43) , which raises concerns with respect to BP treatment of adolescent OI patients. Therefore, new therapeutic reagents that enhance anabolic activity of osteoblasts will be required. Recently, the antisclerostin antibody, which is an agonist of Wnt signaling (bone anabolic signaling), was developed and is under phase III clinical trials (NCT02016716) (44) (45) (46) (47) . Anti-sclerostin antibody treatment could be beneficial to OI patients. However, this treatment may not improve the bone fragility in OI patients with WNT1 mutations because the WNT1 ligand is upstream of sclerostin. This means that anabolic WNT signaling in bone which can be inhibited by sclerostin maybe suboptimal in OI patients with WNT1 mutations, although response may also be determined by contribution of other WNT ligands. The Wnt1 sw/sw mice will be a useful mouse model to test the therapeutic potential of the anti-sclerostin antibody for OI patient with WNT1 mutations.
MATERIALS AND METHODS
Animal
The swaying (Wnt1 sw/sw ) mice were purchased from the Jackson Laboratory on a mixed C57BL/6 background. The swaying mutation is a single nucleotide deletion that results in a new BSL1 restriction site; therefore, we performed genotyping by PCR with enzyme restriction. Specifically, two primers (Sway-F: 5
′ , Sway-R: 5 ′ TTGGTTCCGG ACACACCG 3 ′ ) were designed to amplify a 246 base amplicon of the Wnt1 genomic DNA sequence that includes the swaying mutation. This 246 base amplicon was subsequently purified with a PCR purification kit and digested with BSL1. The digested PCR products were separated by 2% agarose gel electrophoresis and different band pattern were observed between wild type (1 band with 246 base), Wnt1 sw/+ (3 band with 246, 164 and 82 base) and Wnt1 sw/sw (2 band with 164 and 82 base) genotypes.
Skeletal analyses and bone histomorphometry
To analyze bone phenotypes, femurs and vertebra were isolated from the wild-type and Wnt1 sw/sw mice at 6 weeks of age. The bones were fixed in 10% buffered formalin for 24 h for subsequent analysis. Radiography of bones was performed with an Xpert 80 system (Kubtec), and microcomputed tomography (mCT) scans were conducted with mCT-40 system (Scanco Medical). Lumber vertebrae were used to generate plastic sections for bone histomorphometry. Specifically, lumber vertebrae were embedded in methyl methacrylate, and embedded samples were sectioned using tungsten carbide blades. The stained plastic sections were used for evaluation of bone formation parameters with Bioquant Osteo software (Bioquant). Tartrate-resistant acid phosphatase staining was used to quantify osteoclast number and surfaces, and trichrome staining was used to quantify osteoblast numbers. Calcein and Alizarin Red were injected into mice with a 5-day interval following the first injection of Calcein to assess dynamic histomorphometry. The 4th lumbar vertebrae were used for mCT and bone histomorphometry.
Three-point bending
Femurs were tested in three-point bending using a span of 6 mm using a Bose ElectroForce3200 device (Bose, Eden Prairie, MN, USA). All the femurs were tested wet at room temperature. They were preloaded to 1 N for 5 s and then were compressed to failure at a rate of 0.1 mm/s. Load and displacement data were captured at the rate of 40 Hz by using WinTest software (Bose). Following testing, all datafiles were analyzed using a MatLab program written to extract the pertinent data. Stress was calculated using the following formula:
where F is the load applied on the femur in N, L is the span length in mm, h is the specimen diameter in mm, I is the cross-sectional moment of inertia in mm 4 . Both h and I were obtained by analyzing a midshaft micro-CT image. Strain was calculated using the following formula:
where D is the actuator displacement in mm, h is the diameter in mm and L is the span length in mm. To determine the yield point, a 0.2% offset from the maximum slope of the linear portion of the stress -strain curve was used. Stiffness and elastic modulus were defined from this maximum slope of the load -displacement and stress -strain curve, respectively. The elastic region was identified as the region from the completion of the preload to the yield point. Postyield region was identified as the region from the yield point until the failure point. Failure was defined as either fracture or the point when the specimen had achieved 20% strain after the maximum load, whichever came first. A trapezoidal numerical integration method was used to determine both energy (area under the load -displacement curve) and toughness (area under the stress -strain curve). Maximum load and ultimate strength were determined by finding the highest load and strength values recorded by WinTest, before the specimen failed.
Raman spectroscopy
Raman spectra were acquired from the cortex of intact tibiae using a confocal Raman microscope (Renishaw Invia, Gloucestershire, England, UK), as described previously (48, 49) . In brief, ), among which peak heights of proline and amide I represent the abundance of collagen and organic matrix, respectively.
qRT-PCR analysis
For qRT-PCR analysis, total RNA from mouse femurs was extracted with Trizol at 6 weeks of age. In order to minimize contamination with other connective tissues such as muscle and tendon, we carefully dissected all the attached tissues from each femur. The proximal and distal ends of each femur were removed to minimize contamination by chondrocytes. In addition, bone marrow was removed by centrifugation. Superscript III First Strand RT-PCR kit (Invitrogen) was used for cDNA synthesis, and the qRT-PCR was executed on a LightCycler instrument (Roche). b2-Microglobulin was used as the internal control to normalize gene expression.
